The kinetics of reduction of the b-type cytochromes in the electron transport particles (ETP) from Mycobacterium phlei were studied with nicotinamide adenine dinucleotide, reduced form (NADH) or succinate as electron donors. There appeared to be three active cytochromes b in the ETP, b85,,6 and b,53,9, which were reducible by either substrate, and bN,,S, which was reducible by NADH but not by succinate. In the presence of adenosine 5'-triphosphate, a substantial increase in b5*3 reduction was observed with succinate at anaerobiosis. This was followed by a decrease in absorption. Adenosine 5'-triphosphate did not effect an increase in cytochrome b,.3 reduction at transition with NADH, but the occurrence of a secondary decrease in absorption was reflected in a decrease in total enzymatic reduction. The adenosine 5'-triphosphate effect was altered in trypsin-treated ETP, and abolished by uncoupling agents or by removal of the coupling factor-latent adenosine triphosphatase. In the presence of a supernatant fraction obtained during the preparation of the ETP, b,63 reduction with succinate was greatly increased. A smaller increase was observed with NADH. Cytochrome b reduction was also studied in ETP inhibited by 2-n-nonylhydroxyquinoline-Noxide, which appears to inhibit at b563,. On the basis of these data the interrelationships among the b-type cytochromes can be described in relation to the M. phlei electron transport chain.
The existence of multiple forms of cytochromes b in the electron transport particles (ETP) from Mycobacterium phlei has been reported (10) . There appeared to be at least three active b-type cytochromes in M. phlei, one reduced by nicotinamide adenine dinucleotide, reduced form (NADH) (bN,,*) and the others reduced either by NADH or by succinate (bS555 and bS5.3). The bN563 had absorption maxima in room temperature spectra at 563, 530, and 432 nm, whereas the cytochromes b reduced by succinate (b 5559 and b55653) had broad peaks with Xmax at 559, 528, and 430 nm and a prominent shoulder at 563 nm (10) .
At 77 K bN563 had an a absorption peak at 561 nm with a shoulder at 557 nm, whereas the succinate-reduced cytochromes displayed a peak at 555 nm with a shoulder at 561 nm.
Although bN56, and bF,61 shared similar spectral characteristics, their differing accessibilities to succinate as well as the amount reduced by different substrates suggested that they might represent separate cytochrome pools on different electron transport pathways. In addition, an increase in absorption at 563 nm (room temperature) was observed with succinate in the presence of adenosine 5'-triphosphate (ATP).
Lanyi (21) has described two b-type cytochromes in a halophilic bacterium. The work of many investigators, recently reviewed by Wikstrom (33) , has firmly established the multiple nature of the b-type cytochromes in mitochondria (8, 11, 23, 25, 26, 32, 36) , as well as the energy dependence of the reducibility of a portion of the total cytochrome b (9, 28, 31, 34, 35) .
The present study examines the kinetics of cytochrome b reduction in the ETP from M. phlei, and attempts to determine the position of these components in the M. phlei respiratory chain.
MATERIALS AND METHODS ETP capable of oxidative phosphorylation were prepared from sonically disrupted M. phlei, ATCC 354, as previously described (6) , except that an additional wash in 0.15 M KCl was added. The ETP were resuspended for use in 10 mM MgCl2. The crude supernatant fraction obtained after sonication of the cells was fractionated with ammonium sulfate and the REDUCTION KINETICS OF CYTOCHROME b portion precipitating between 35 to 60% saturation was collected, redissolved in water, and dialyzed at 4 C for 3 days against several changes of 0.01 M tris-(hydroxymethyl)aminomethane-hydrochloride buffer, pH 7.4 (6) . The partially purified supernatant fraction is referred to as the AS II fraction.
All spectral studies were performed at room temperature on an Aminco spectrophotometer, model DW-2, with the bandpass set at 1 nm and an optical pathlength of 1 cm. Protein was estimated by the method of Stadtman et al. (27) . The time required to reach anaerobiosis under the reaction conditions used was determined for each new preparation of ETP before the studies were conducted. The experimental observations shown in Fig.  1 were confirmed by examination of cytochrome b reduction by NADH and by succinate in the dual-wavelength mode utilizing the wavelength pair 563-574 nm. The total enzymatic reduction at 563 nm was much greater with NADH than with succinate ( Fig. 2A and B) . With succinate as an electron donor ( Fig. 2A) , a very high reduced steady-state level (100% compared to reduction after transition, or 25% compared to the total possible enzymatic reduction at 563 nm) was observed, followed by a slight decrease in absorbance at anaerobiosis. This oxidation phenomenon was first described by Bogin et al. (4) , and attributed to the oxidation of cytochrome b by a fumarate reductase. However, it could also be the result of a negative contribution by cytochrome c reduction. The addition of NADH to the reaction after complete reduction of cytochrome b by succinate resulted in further reduction of b,63. With NADH as substrate (Fig.   2B ), the reduced steady-state level was 24%, anaerobiosis occurred rapidly, and reduction at anaerobiosis occurred in a multiphasic pattern; at least three rates of reduction were apparent. Total cytochrome b reduction required an extended length of time, e.g., 23 min with the protein concentration used. In the presence of ATP, the reduced steady state was lower (16% for succinate and 17% for NADH) ( Fig. 2C and  D) . With succinate, ATP eliminated the apparent oxidation phenomenon observed at transition. Instead, there occurred a rapid reduction of b56, followed by a slow decrease in absorption (cf. Fig. 2A and C) . Eventually the level of reduction approached that observed with succinate in the absence of ATP. The addition of oxygen by rapid mixing resulted in a repetition of the reduction and oxidation pattern. ATP decreased the total amount of cytochrome b5,3 reduced by NADH (Fig. 2D) . Although ATP did not change the initial rapid rate of reduction at transition, it decreased the secondary rate (Fig.  2D) .
RESULTS
A substantial amount of cytochrome b can be reduced chemically in M. phlei ETP after total enzymatic reduction has occurred ( Fig. 2A and B) (1, 10 
in these ETP, b,5,, is not reduced (see below).
Measurements at 559-574 nm showed changes in absorbance after NADH addition. However, dual-wavelength scanning studies showed that the contributions of cytochromes c and b5,,3
completely accounted for the total absorption at 559 nm.
Substrate reduction of the b-type cytochromes in ETP in the presence of the supernatant fraction, AS II. Electrons from malate enter the M. phlei respiratory pathway at the quinone level via the soluble, phospholipidrequiring enzyme malate-vitamin K-reductase (22) . The reduction of the electron transport chain of the ETP by malate requires the addition of flavine adenine dinucleotide and a supernatant fraction (AS II) containing the enzyme. When studied at the dual-wavelength pair 563-574 nm (Fig. 3) , malate reduced more cytochrome b than succinate (cf. Fig. 2A ) but less than that observed with NADH (cf. Fig.  2B ). However, in the presence of the same quantity of AS II, the amount of enzymatically reduced cytochrome b normally observed with succinate alone was increased to approximately the same level as that reduced by malate (Fig.   3 ). The same amount of AS II also increased the total enzymatic reduction with NADH ( Fig. 3) . By the addition of larger quantities of AS II, greater increases in total enzymatic reduction of cytochrome b by succinate were observed. AS II increases oxidation with all substrates in M.
phlei ETP and contains soluble coupling factors (6) . Amounts greater than that used in Fig. 3 , however, produced no further increases in oxidation rates. Interestingly, with a preparation of malate-vitamin K reductase purified to homogeneity (13) , the pattern and the total amount of cytochrome b reduction by malate were similar to that observed with NADH. (Fig. 4D) .
The effects of AS II on the kinetics of cytochrome b reduction by succinate and by NADH were also examined in the dual-wavelength scanning mode (Fig. 5 ). Absorption at 551 and 563 nm was observed during the reduced steady state with both substrates. At anaerobiosis with succinate ( Fig. 5A, 2 4 . Difference spectra of cytochrome b reduced by succinate or malate with AS HT. The reaction mixture was the same as that described in Fig. 1 , except that 7.18 mg of ETP were used, 5.2 mg of AS II or5 5tmol ofATP were present where indicated, and the final volume was 3.0 ml. Interference from the absorption peaks of cytochrome cl and c was eliminated by the addition of 20 ,mol of ascorbate and 2 Mmol of N,N,N',N'-tetramethyl-p-phenylenediamine (TPD) to both the reference and sample cuvettes. Ascorbate-TPD reduces cytochromes c,, c and a + a, in M. phlei (24) . Conditions in the sample cell were as follows: A, 100) mol of succinate; B, AS II present, 100 ,gmol of succinate; C, flavine adenine dinucleotide (25 nmol) and AS II present, 15 Mmol of malate; D, AS II and ATP present, 100 Amol of succinate. The spectra were taken after the cytochrome b was fully reduced.
absence of AS II (Fig. 1A) was not seen. With NADH (Fig. 5B) , a large increase in 563-nm absorption occurred at transition (1.5 min). Thereafter this absorption continued to increase for at least 16 min.
Substrate reduction of cytochrome b in ETP in the presence of AS II and ATP. The increased cytochrome b reduction observed with succinate in the presence of AS II (Fig. 3) was not observed when ATP was also present, as the difference spectra of Fig. 4 indicate. The kinetics of cytochrome b reduction measured at 563-574 nm under these conditions showed that at transition there was a rapid rate of reduction (Fig. 6A ) similar to that observed with succinate plus ATP, but neither the decrease in absorption observed with ATP ( Fig.  6B) , nor the slow increase due to AS II (Fig. 6C) were observed.
Spectral studies of cytochrome b reduction in the presence of NHQNO. The inhibitor NHQNO completely inhibits respiration with succinate in M. phlei at concentrations which only partially inhibit NADH oxidation (1, 24) . Some cytochrome b reduction occurs with succinate in the presence of NHQNO, but no cytochrome c reduction is observed. However, cytochrome c is reduced by NAD+-linked substrates in the presence of NHQNO. Orme et al. (24) had observed that the cytochrome b reduced by succinate in NHQNO-treated ETP had a Amax at 563 nm. This suggested that electron flow generated by succinate was stopped at the br,,5,, whereas NADH oxidation could utilize another pathway (bN.,,,) and thus reach cytochrome c.
Examination of the kinetics of cytochrome b reduction in the presence of NHQNO was performed in the dual-wavelength scanning mode. After the addition of succinate (Fig. 7A) Comparison of the cytochrome b shoulders in these spectra with those shown in Fig. 1C (i.e. , NADH-reduced cytochromes) suggested that the 559-nm component might be absent from all of the reactions in which NHQNO was present. The same results were obtained after NADH addition to NHQNO-treated ETP without prior reduction with succinate. In the presence of NHQNO, the addition of ATP or AS II did not change the pattern of reduction seen with succinate ( Fig. 7B and C) . However, ATP decreased the final total amount of 563 nm absorption observed after NADH addition to NHQNOtreated ETP, whereas AS II increased 563 nm absorption with NADH ( Fig. 7B and C At the dual-wavelength pair 563-574 nm the addition of succinate to NHQNO-inhibited ETP produced a small reduction of cytochrome b (Fig. 8) . Addition of NADH resulted in a reduced steady state. After transition a complex absorption pattern was observed (Fig. 8) . Addition of succinate to NHQNO-treated ETP resulted in a small amount of absorption with the dual-wavelength pair 559-574 nm (not shown). After NADH addition, transition was accompanied by a fairly rapid increase in absorption. Examination of the scanning curves shown in Fig. 7 , however, revealed that all of these levels of absorption at 559-574 nm could be accounted for by the 7 . Cytochrome reduction in the presence of NHQNO. Cytochrome reduction was measured in the dual-wavelength scanning mode with 574 nm as the reference wavelength. ETP (6.97 mg), 100 Mmol of N-2-hydroxyethyl-piperazine-N'-2'-ethanesulfonic acid-KOH buffer, and 15 gmol of MgCl2 were incubated for 10 min at room temperature with 100 ug of NHQNO; the volume was 0.67 ml. The final volume of 2.77 ml was made up with water. Where indicated, 5.2 mg of AS II (0.2 ml) or 5 umol of ATP (0.1 ml) were added to the incubation mixture. The reactions were initiated by the addition of 100 MAmol of succinate and repetitive scanning was performed. After 10 min, 5 Amol of NADH were added and scanning was continued. Although tion at 559-574 nm must be interpreted with caution.
Studies of the ATP effect on cytochrome b reduction. The effect of ATP on cytochrome b reduction (measured at the dual-wavelength pair 563-574 nm) was further studied with regard to the optimal amount of ATP, the effect of uncoupling agents, the necessity for the membrane-bound latent adenosine triphosphatase (ATPase), and the effects of physically altering the membrane.
Quantities of ATP from 5 nmol up to 30 ,mol were tested for their effect on cytochrome b reduction. The effect of ATP could be demonstrated with as little as 25 nmol of ATP. The optimal amounts of ATP, in terms of the rate of cytochrome b reduction at transition as well as total enzymatic reduction at anaerobiosis, were between 0.5 and 10 umol. Quantities greater than 10 ,mol were less effective. Mg2+ ions were required to elicit the ATP effect. Guanosine 5'-triphosphate was active, although the effect was not as great as that observed with the same quantity of ATP. In contrast, AMP and ADP were not effective.
The effects of various uncoupling agents on cytochrome b reduction in ETP by succinate with and without ATP were examined. The concentrations of the uncouplers utilized were those which have been shown to uncouple oxidative phosphorylation in M. phlei ETP (1, 2, 14) . Dinitrophenol (1) , N,N'-dicyclohexylcarbodiimide (14) , and tetraphenylboron (2) eliminated the ATP-induced pattern of cytochrome b reduction and subsequent apparent oxidation (Fig. 9 , cf. Fig. 2A and C) , whereas carbonylcyanide m-chlorophenylhydrazone (1) (Fig. 10) . In the presence of ATP, however, the depleted ETP did not display the ATP-induced cytochrome b reduction pattern, suggesting that the coupling factor-latent ATPase was required for the ATP effect.
The membrane bound-ATPase in M. phlei ETP is latent in activity, i.e., pretreatment with trypsin is required for full expression of enzymatic activity (22) . Trypsin treatment has also been shown to increase P/O ratios in M.
phlei ETP (5). Cytochrome b reduction was studied in ETP which had been treated with trypsin according to the method used for assay of the M. phlei latent ATPase (22 (Fig. 11A, cf.  Fig. 2 ). In the presence of ATP the usual rapid reduction at anaerobiosis occurred, but there was no subsequent decrease in absorption (Fig.  liB) . With NADH as substrate, there was a rapid reduction of a small amount of cytochrome b at anaerobiosis. This was followed by a very slow secondary rate of reduction, after which the rate increased again (Fig. 11C) The effects of uncoupling agents on the reduction of cytochrome b by succinate with and without ATP. The reactions were studied at the dual-wavelength pair 563-574 nm. The reaction mixture was the same as that described in Fig. 1 , except that 6.6 mg of ETP were used in a final volume of 2.7 ml. The uncoupling agents were incubated for 10 min at room temperature with the ETP in the reaction mixtures before the reactions were begun. The final concentrations of the uncouplers were: dinitrophenol (DNP), 7.4 x 10-3M; N,N'-dicyclohexylcarbodiimide (DCCD), 3 the slow secondary rate (Fig. liD) . The mechanism by which trypsin treatment results in the changes in the reduction of cytochrome b is not clear, since in addition to unmasking the latent ATPase, the trypsin may be causing some other structural modification in the membrane.
DISCUSSION
On the basis of kinetic data, difference spectra (10) , and dual-wavelength scanning studies, a revised (7, 16) electron transport chain for M. phlei ETP is presented in Fig. 12 (Fig. 2A) .
(ii) With NADH as the substrate at least three different rates of reduction of b5,,6 were observed after anaerobiosis (Fig. 2B) . (iii) In the presence of NHQNO, succinate oxidation was completely inhibited, although some b6.3 was reduced, whereas NADH oxidation could be demonstrated. This was evidenced by reduction of cytochromes cl and c as well as b563 (Figs. 7 and   8 ). If all of the b5,*8 were the same, then reduction of b5,, by succinate under NHQNO inhibition should also be followed by reduction of cytochromes cl and c. (Fig. 7) .
Divergence on the NADH-linked pathway is shown at bN56S. Murthy et al. (22) for the assay of latent adenosine triphosphatase. The reaction mixture was the same as that described in Fig. 1 Fig. 2A and C) . After anaerobiosis, this reduced cytochrome b exhibited a decrease in absorption as if it were being oxidized. The same phenomenon would account for the observed ATP-dependent decrease in the secondary reduction rate after anaerobiosis with NADH ( Fig. 2D) and the slight decrease in total cytochrome b reduction with this substrate and ATP. However, since the system was anaerobic and the other respiratory components were fully reduced, there appears to be no electron acceptor to account for this apparent oxidation. In plant mitochondria Lambowitz and Bonner (19) have described a slow oxidation of cytochrome b after reduction at anaerobiosis and suggested that this represented dissipation of a highenergy intermediate.
In some ways the ATP-related effects in M. phlei are similar to those described in antimycin A-treated mung bean mitochondria, in which Storey (28) (17) .
The ATP-dependent phenomenon described here in M. phlei may be a reflection of reverse electron flow. This would explain the lower reduced steady-state levels observed with ATP ( Fig. 2) as well as the apparent oxidation.
However, attempts to demonstrate the existence of an energy-dependent reversal of electron transport in the M. phlei system have so far been unsuccessful.
It is of interest that the ATP effect in M. phlei was altered by treatment of the ETP with trypsin, and was abolished by uncoupling agents or by the removal of the particle-bound coupling factors. These results may indicate that ATP is capable of energizing a cytochrome b,,,. In mitochondrial systems an energy-dependent cytochrome b reduction has been reported by several workers (9, 23, 28, 31, 32, 34, 35) . According to some authors, in high energy states the apparent midpoint potential of about half of the cytochrome b pool (Xmax 558 and 565 nm) is raised from about -30 mV to about 240 mV (9, 34, 35) . This cytochrome has been designated b. and is thought to be involved in energy transduction.
More recently this interpretation has been questioned (19, 20) on the grounds that no firm evidence exists for the interaction of the commonly used redox mediators with cytochrome b. Proponents of this argument have suggested that the observed effects of ATP on cytochrome b reduction can all be explained in terms of reverse electron transport rather than involving a shift in midpoint potential. In a study of the circular dichroism of mitochondrial cytochromes, Storey and Lee (30) found no pronounced confoxaiiational change in cytochrome b5*6 upon energization, casting further doubt on the existence of any midpoint potential change. ATP-dependent changes were observed with succinate and with NADH. When AS II and ATP were present simultaneously, the ATPdependent changes appeared to be dominant, as evidenced by the failure of the system to undergo as much cytochrome b reduction as that observed when the system was supplemented with AS II alone. A simple superimposition of the two effects (decrease in absorption with ATP and increase in absorption with AS II) should have resulted in the eventual attainment of the levels of cytochrome b reduction observed with succinate and AS II. Since this did not occur, it is possible that the same pool of cytochrome b5. was affected by both AS II The multiple nature of the cytochromes b described for M. phlei has many similarities to mitochondrial systems. A dual pathway has been depicted for mitochondria by Norling et al. (23) and by Storey (29) . Lanyi (21) , in studies on an extremely halophilic bacterium, has postulated a dual electron transport pathway in which a b6,3 is inaccessible to reduction by succinate. The suggested locations of the multiple forms of b cytochromes in the M. phlei system are based on the data described in the present study.
